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Abstract 
The main objective of this work is to study, characterize finely the defects created in photovoltaic cells made from 
mono crystalline silicon wafer based on semiconductor has continued its operation under extreme conditions (electrical 
stress). We will demonstrate the effect of reverse stress current injected in solar cell structure on the I-V and C-V 
characteristics under dark conditions at room temperature for several time periods. These experimental measurements 
were numerical analyzed using double exponential model. 
Experimental evidence showed that different levels of reverse currents are confirmed to be a major degrading factor 
affecting the performance, efficiency, and power of solar modules. The experimental results were consistent with 
computational predictions. 
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1. Introduction 
Mass production and use of electricity generated from solar energy has become very common recently 
because of the environmental threats arising from the production of electricity from fossil fuels and nuclear 
power [1]. However in many situations, the PV panel can be illuminated in a non-uniform way due to 
shading caused by clouds, trees, and houses of neighbors and the shadow of modules of the panel. The 
shadow also reduces the power of the system and causes changes in the electrical parameters of it [2]. 
There is continued interest among photovoltaic installers, regulators and owners to obtain accurate 
information on photovoltaic (PV) systems operating under shaded or mismatched conditions. It is best to 
avoid shade where possible; while partially shaded installations can still produce useful power for a portion 
of the day, shading will generally result in a significant reduction in power [3]. Electrical stress technique 
can be used to simulate and evaluate natural ageing and its resulting parameters degradation of the solar 
cell when operating under the terms of hard external stress (mismatched, partial shading, possibly leading 
to thermal overload, …etc.)[4]. In a series connected solar photovoltaic module, performance is adversely 
affected if all its cells are not equally illuminated. All the cells in a series array are forced to carry the same 
current even though a few cells under shade produce less photon current. The shaded cells may get reverse 
biased, acting as loads, draining power from fully illuminated cells. If the system is not appropriately 
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protected, hot-spot problem can arise and in several cases, the system can be irreversibly damaged. In the 
new trend of integrated PV arrays, it is difficult to avoid partial shading of array due to neighboring 
buildings throughout the day in all the seasons, and this require a study of partial shading of modules. A 
shadow falling on a group of cells will reduce the total output by two mechanisms: 
1) By reducing the energy input to the cell. 
2) By increasing energy losses in the shaded cells. 
Problems become more serious when shaded cells get reverse biased [5]. For low reverse bias voltages, 
the reverse current is a linear function of voltage approximately (ohmic behavior). The slope is a measure 
for leakage currents that appear as additional component to the dark saturation current of an ideal diode. 
Leakage currents originate in cell defects and impurity centers in the semiconductor and can be represented 
by a shunt resistance. At low reverse bias voltages, the current is distributed over the whole cell area and 
heating takes place more or less uniformly. The maximum current density is below a critical limit and the I-
V characteristic is stable against thermal effects. With rising reverse bias voltage, the junction breaks down 
and conducts very large currents. For solar cells the most important mechanism in junction breakdown is 
the avalanche multiplication which has its origin in a high electric field in the depletion layer that is 
generated by the bias voltage. At a certain level of the field strength the generated electron-hole pairs gain 
enough energy to ionize lattice atoms which again can generate charge carrier pairs. Cells have not a 
homogeneous structure, regions with a higher concentration of impurity centers exist. At high reverse bias 
voltages, these points break down earlier. If the current density at this point exceeds, a critical limit of the 
cell is irreversibly damaged by thermal breakdown (burnout) that forms a shunt path in the cell structure. 
Now at reverse biased conditions, the current is locally and concentrated, focal heating point is caused and 
damage to the cell encapsulation is to be expected (hotspot) [6]. In recent years, the degree of 
understanding non-ideal I-V characteristics of industrial silicon solar cells has made significant progress. It 
has been found that all major aspects of non-ideal characteristics are due to extended crystal defect, which 
may be either material-induced or technological origin. This holds for all three aspects of non-ideality, 
which are the unexpectedly large recombination current, often showing an unexpectedly large ideality 
factor, the reverse-bias breakdown behavior, and the presence of ohmic shunts [7]. The fracture mechanics 
approach to material science and microstructures assumes that any product already contains a kind of defect 
such as material, fabrication or even design defect. These defects play a major role in determining the life 
time and performance of such a product. A solar cell is treated as a diode of larger area silicon p-n junction 
forward bias with a photovoltaic. This photovoltaic is created from the dislocation of the electrons as a 
result of incident photons within the junction or diode. Any disturbance of this electron flow, mainly 
through the silicon crystal or the cell junction, is due to what is considered as material defects, such as grain 
boundaries, dislocations, or any other inhomogeneity in the microstructure, will have a large impact on a 
part or on the over whole performance of the solar cell [8]. Moreover, recent research used to identify and 
locate material defects in mono-crystalline and multi-crystalline solar cells has shown that, when an 
external current is fed into the solar cell in the direction of the forward or reverse bias, the solar cell begins 
to emit light all around except on the grain boundaries contained in the multi-crystalline. Defects in the 
material such as grain boundaries become immediately recognizable as dark areas since the light-emitting 
efficiency is lower in these areas than in the areas free from defects [9]. 
Electroluminescence relies on the same principle as a light emitting diode (LED). Current is fed into a 
solar cell (essentially a large diode) and radiative recombination of carriers causes light emission. As an 
indirect band gap semiconductor, most of the recombination in silicon occurs via defects or Auger 
recombination. The amount of band-to-band recombination producing radiative emission is relatively low. 
However, there is a small amount of radiative recombination that happens even in silicon and this signal 
can be sensed using an external detector. The technique requires electrical contact and so can only be used 
once the metallization has been applied and the cell is substantially complete. Electroluminescence 
provides a wealth of data about the area related uniformity of solar cells and modules. It is non-destructive 
and relatively fast with measurement times of 1s possible. 
2. Electrical Model of the Photovoltaic Module: 
Several models of photovoltaic cells are found from literatures which are able to predict the 
approximation behavior of a real cell. The general mathematical description of the output characteristic for 
a PV cell has been studied for many previous years. The equivalent circuit of the general model consists of 
the current due to optical generation (IL), the diode that generates a forward current [IS exp(qV/kT)], the 
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series resistance (RS), and the shunt resistance (RSh). The series resistance is due to the resistance of the 
metal contacts, the ohmic losses in the front surface of the cell, the impurity concentrations, and the 
junction depth [10-11]. The Figure 1 shows the more precise mathematical description of a solar cell which 
is called the double exponential model. This cell is modeled in the presence of parasitic series and shunt 
resistance by the multiple exponential expressions corresponding to each of the conduction mechanism 
significant enough to justify its inclusion in the model, and the resistive shunt leakage term. Accordingly, 
the total current has been traditionally described by the following conventional equation: 
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Fig.1 Circuit diagram of the double diode model including the parasitic series and shunt resistances 
where: IO1 is the reverse saturation current corresponding to the diffusion and recombination of 
electrons and holes in the p- and n-side, respectively; IO2 is the reverse saturation current corresponding to 
generation and recombination of electrons and holes in the depletion region; n is the ideality factor >1, V is 
the applied voltage, Vth=KT/q is the thermal voltage, and GP=1/RSh is shunt conductance, q is the 
elementary electron charge = 1.6 × 10−19 C, k is the Boltzmann constant =1.38 ×10-23 J/K, T is the absolute 
cell temperature, RS is the parasitic series resistance [12]. From Figure 1 it is clear that the shunt current, 
ISh, detracts from the current output and the potential drop across RS reduces the voltage output of the solar 
cell. The influence of RS and RSh on the I–V characteristics can be determined by using Eq.(1) [13]. 
 
 
 Fig. 2: Semilog plot of the same I-V curve above revealing much more information about the diode. Different regions of the I-V 
curve are dominated by different loss mechanisms. 
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Figure 2 shows the plotted graph of I-V characteristics is divided into two regions as mentioned in the 
previous two terms values n in the equation: 
1) At low bias voltages or low current, the influence of shunt resistance, where dominate 
recombination current in the junction, the ideality factor value is larger than 1, It is related with 
expression of the second exponential in Eq.(1). 
2) At high bias voltages, the first term in the expression of the total current that determines the 
diffusion compounds is dominated by the surfaces and the bulk regions, the ideality factor value is 
equal than 1, so, by the curve fitting method, the diffusion saturation current and the diffusion 
ideality factor can be extracted. 
However, for solving the Eq.(1) it should calculate the following values, Io1, Io2, RS, RSh, n. These last 
parameters are unique for all used module and concluded from I-V curve, and they are usually not specified 
by manufacturers. 
 
3. Experimental Procedures 
A commercial photovoltaic modules 6x6 (36 cells) made from monocrystalline silicon wafer 3.8 V and 
85 mA were collected from the local consumer market. These modules are often used in the industry for 
devices of small power such as lamps, mobile phones and small calculators. In this manipulation, the PV 
modules were placed in dark in order to study their behavior without illumination. 
In dark, the electrical behaviour of a photovoltaic module becomes similar to the behaviour of a p-n 
junction. To simulate the reverse current that occur in solar modules when partially shaded, the modules 
were placed in a dark grounded box in order to prevent any unwanted electrical or light interference, and 
underwent several amounts of laboratory induced reverse currents 5, 10, 20 and 40 mA through the p-n 
junction for several periods of time 10, 20, 30 and 40 minutes. The reverse current is maintained through a 
programmable current source, this specific current was chosen because it plays as a threshold current below 
which similar preliminary results, carried out on the same type of cells in our laboratories, occurred in a 
slower manner and above which sudden failure occurred. This technique is used to prevent sudden 
breakdown of the module by an avalanche phenomenon. 
For instance, a reverse current was used to collect the data presented in this paper. Our results contain 
both experimental electrical characterization along with some mathematical calculation used to determine 
some of the junction parameters through an equivalent circuit model of the module. Experimentally 
collected I-V and C-V curves were introduced into specially designed software that performs numerical 
calculations based on the double exponential model of a p-n junction formulated. 
The reverse currents were applied for several periods of time. At each step, the current was interrupted 
to perform an I-V and C-V characteristic. For a module or array of PV cells, the shape of the I-V curve 
does not change from that of a cell. However, it is scaled based on the number of cells connected in series 
and in parallel. 
4. Results and discussion 
4.1 Forward Bias I̻V Measurements: 
The linear graph of current vs. voltage reveals very little information about the diode, much more 
information is revealed from a semi log plot. The forward bias I̻V measurements of the PV cell are 
generated under dark conditions at room temperature. Figure 3 shows the Ln(I)-V results before and after 
applying the electric reverse stress currents injected 5 mA for several time periods 10, 20, 30 and 40 
minutes respectively. We are only presenting the results for induced reverse currents of 5 mA knowing that 
for other values of current, the effects and variations are similar but increase as we increase the reverse 
current illustrated in Figure 4. We find that the linear part of these characteristics shifts up with the 
increasing the time of stress that could be related to a leakage current within the module. 
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Fig. 3 Forward-Bias of a PV Cell before and after applying the 5 mA stress for 10, 20,30 and 40 minutes respectively. 
 
 
Fig. 4 Forward-Bias of a PV Cell for a current stress value of 5, 10, 20 and 40 mA. 
 
 
Fig. 5 Diffusion voltage Vd vs. time. 
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The linear part of the I-V characteristics is seen to shift up as the time of stress is increased. This led to 
a decrease in the diffusion voltage illustrated in Figure 5. The declination of the curve is steep up to the 10-
20 minutes interval, after which the curve demonstrates some stability for 10 minutes up to the 30 minutes 
time interval and again it shows steep declination till the end of the experimental procedure. This is a major 
indication that some regions of the PV module are leaking current at very low voltage, and these defected 
regions are created within the first 10 minutes of applying a reverse current. When the module is stressed 
with a 100 mA reverse current the leakage current is certainly larger but it still not enough to consider a 
breakdown, the module’s operation is rather altered. This is crucial for understanding the degradation of 
photovoltaic modules if they ever got reverse biased, small reverse currents does not seem to affect the 
output of the module but larger currents tend to slightly change it. 
Diffusion and recombination currents will after certain time start to increase caused to increasing of 
leakage current through the module observed on stressed specimens. The diffusion current is caused by the 
diffusion of carriers across the junction of the PV cell. In ideal operating conditions of equilibrium, the net 
current from the PV cell is zero, because of the balancing effect of the diffusion, drift and the 
recombination currents. Upon applying a current in the reverse direction of electron flow, this balance is 
disturbed and due to overheating of the p-n junction and expanding the junction width, diffusion as well as 
recombination currents will after a certain time start to increase. The Figures 6 and 7 shows the behavior of 
the recombination and diffusion reverse saturation currents as a function of time stress at reverse stress 
current is constant 5mA, respectively. 
 
 
Fig. 6 The recombination reverse saturation current as a function of time stress. 
 
 
Fig. 7 The diffusion reverse saturation current as a function of time stress. 
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4.2 Measurement of the Ideality Factor: 
The value of ideality factor can be estimated directly from the I-V data by calculating the slopes of the 
straight-line regions of dark Ln I vs. V, absent the effects of series and shunt resistance. The room 
temperature I-V characteristic of this solar cell is plotted in Figure 3. The experimental data was analysed 
by dividing the plot into two distinct regions. The curve without resistive effects is quite simple, at low 
voltages the ideality factor is two, at high voltages the ideality factor is one. The domination by RSh at low 
voltages means that the ideality factor at low voltages is not valid. 
In figure 8 we observed the ideality factor increase with increasing reverse current stress 5, 10, 20, and 
40mA where it started to increase to a value of 2.5, which is considered relatively high, providing 
additional information about the permanent damage in the PV solar cell and module due to the degradation 
in the junction internal structure 
 
 
Fig. 8 Ideality Factor vs Time stress for a current stress value of 5, 10, 20 and 40 mA. 
 
4.3 Reverse Bias I̻V Measurements: 
 
Fig. 9 Reverse-Bias of a PV Cell before and after applying the 5 mA stress for 10, 20, 30 and 40 minutes respectively. 
 
The reverse bias I-V characteristic of the module is measured by applying a reverse voltage through 
the junction to verify that no current is flowing, a large current means that the module is broken and no 
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more useful. A considerable increase in the reverse current is observed after ten minutes of stressing time 
and then the variation becomes smaller for further periods. Figure 9 shows the Ln(I)-V results before and 
after applying the 5 mA stress for 10, 20, 30 and 40 minutes respectively. The leakage current and shunt 
resistance RSh can be derived from the reverse bias I̻V data. Typically, the test is performed in the dark. 
The voltage is sourced from 0V to a voltage level where the device begins to break down. The resulting 
current is measured and plotted as a function of the voltage. Depending on the size of the cell, the leakage 
current can be as small as in the micro amp region. From the linear region of this curve, the shunt resistance 
can be calculated as [11]: 
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Fig. 10 Reverse-Bias Characteristics of a PV Cell. 
 
 
Fig. 11 Shunt resistance vs Time. 
 
The calculated shunt resistance in Figure 10, which represents the loss due to surface leakage along the 
edge of the cell or due to crystal defects, was dramatically affected by the reverse current applied during the 
time collapse of 20 minutes by dropping from 8.5x104 to 3x104, after which this drop seems to stabilize 
about a minimum value till the end of the experiment, as shown in figure 11. Ideally, the shunt parallel 
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resistance should be infinite (RSh = ∞) and the series resistance 0 ohms (RS = 0) under normal operating 
conditions and ambient temperatures. The consequences of the RSh drop caused serious damage, clearly 
observed on the surface of the PV cell at the end of the experiment, as black burned flakes was a result of 
extensive overheating of the solar cell. 
 
4.4 Capacitance Measurements: 
In addition to determining the I̻V characteristics of a PV cell, capacitance-voltage measurements are 
also useful in deriving particular parameters about the device. Depending on the type of PV cell, the AC 
capacitance can be used to derive such parameters as doping concentration and the built-in voltage of the 
junction. The C-V curves were measured at a 1 MHz frequency, for stressing currents of 5 mA and 40 mA 
respectively. the variation is very little as the capacitance varies from -10 V to +10 V. were the device is 
stressed with 40 mA, the variation is more pronounced because there is a bigger leakage current flowing in 
the module reducing its capacitance. Actually as long as the voltage across the module is less than the 
operation voltage the capacitance value is constant, then it starts to decrease when a current begins to flow 
in the forward direction. The large decrease of the capacitance is a major indication of a leakage in the 
stressed module and it also indicates that the burned spots act as defected areas rather than recombination 
centers; otherwise we would have had a different shape of the C-V curve [14-15]. 
 
5. Conclusions 
The effect of reversely induced electric stress currents has demonstrated to be a very important factor 
in determining not only the performance and efficiency of PV solar cells and modules, but it has also 
proven to be a dominant factor in determining the operating lifetime of the cells. This fact is shown by the 
consequences of the induced currents on shunt resistance, ideality factor, and I-V characteristics as well as 
diffusion and recombination currents as a function of time. The importance of the achieved results stands 
for a new approach in determining the sum magnitude of the reverse current in a PV module, which may 
occur as a result of many factors discussed in the paper, accompanied with the time limit to total and 
permanent destruction of the module. The results are applicable for solar cells, modules, arrays, or even a 
farm of arrays creating a photovoltaic solar generator. It is recommended to take these results into 
consideration in future research projects, for the sake of producing and offering safe, friendly and sound 
photovoltaic solar systems operating under the effect of severe conditions. 
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